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Introduction
Manufacturing companies must meet the challenge of intense competition in many world markets. New product success or failure is strongly related to effective use of market information [1] , and economy of scope, i.e. the ability to offer a wider range of customised services, is becoming increasingly important for gaining a competitive edge [2] .
Gathering and sharing market information is important, but is only beneficial if the information is used effectively. This is not a straightforward task. Information must be shared across business and design functions and all parties need to develop a common understanding of the nature and importance of particular customer requirements.
Interpretation of imprecise market information so that a multi-disciplinary design team can understand the customer's genuine requirements is very difficult and time consuming, and relies heavily on designer's intuition, since few, if any, effective software or other formal tools are available to help him.
The research reported here tackles several challenges posed during the process of translating imprecise, non-technical customer wishes into useful design specifications and market information, which can easily be shared between members of an extended design team.
Depending on the nature of the product being designed, a design team will commonly include design engineers alongside specialists such as manufacturing engineers, electronics engineers, physicists, chemists, etc. The extended design team envisaged in this research includes, in addition, a wider range of experts, such as representatives from commercial areas, including sales and marketing, to provide earlier, more direct input of customeroriented issues. This paper provides a description of a software support system, which aids designers during the interpretation process, and converts inexact, natural language statements of customer needs into precise, quantified, product attributes. The system structures the market and design information within a database, so that it can easily be shared between design team members and it is available for future use as part of a full product model, which may be progressively populated throughout the design process. Additionally, the system can analyse the customer requirements, and product feature information, to prioritise aspects of the product where concentrated design effort should result in the greatest rewards in terms of customer satisfaction.
Sharing Market Information
Requirement information will be expressed in many different linguistic, inexact and probably qualitative ways. Successful enterprises require a thorough understanding of their customers, competitors and market related messages, so they can produce competitive products that satisfy customer requirements. Market orientation has been described as 'the organisationwide generation of market intelligence pertaining to current and future customer needs, dissemination of the intelligence across departments and organisation-wide responsiveness to it' [3] . However, the fact that information about customer needs is collected, and that it is publicised to all members of a multi-functional design team, does not mean that producing a common response, i.e. a designed product which customers will want to buy, is an easy task.
There are many challenges involved in getting people from different backgrounds, and disciplines to produce a common view of a product, as shown by research into computer systems to support concurrent engineering teams [4, 5] . The task tackled here is particularly complicated since customer needs are often expressed in imprecise, non-technical terms.
Products that the customer wants can only be delivered, in a systematic, rather than trial and error manner, if design engineers focus on market information throughout the design process.
The research reported here aims to create an environment where this is possible. Figure 1 shows an extended design team sharing product information throughout the design process.
In the early stages of the design process, each team member has their own view of the evolving product, based on their own area of expertise and contributions to the design. Also, designers commonly work with sketches, or models [6] rather than using computer based design tools, as these are useful tools to support creative ideas. But, it is very important for members of the design team to share information about the requirements and objectives of the design, right from the early conceptual stages, as they need to work towards sharing a common vision of the product, and its required functionality, performance, aesthetics, etc. as quickly as possible. Sharing computer-based design information can accelerate this process, particularly when design team members are based at different sites (which is increasingly common in global enterprises). By sharing the design information, through a product model, (which is a computer based representation of the product), a common view of the product will be produced.
Customer requirements, and the design specification, the implementation of which should satisfy the customer requirements, are important elements of the design information. In figure 1 , the design information is shown as cylinders, which represent databases.
Take in Figure 1
The rectangular blocks show software tools that team members may use to support their work, and the few shown here are merely representative of a whole range of possible support tools. The Market Driven Design System block has been highlighted, as this is the focus of the research reported here. The purpose of this system is to interpret raw, imprecise market information into clearly defined, genuine customer requirements, which can be populated into the product model. These customer requirements provide an accurate basis from which design engineers can produce a design specification.
The specification defines characteristics, or features of the design. Inevitably, achieving some of these features will be more expensive or technically complex than others, and provision of some of the features will produce higher levels of customer satisfaction than others. It is therefore important to be able to prioritise design effort at different stages of the design process. The Market Driven
Design System includes a mechanism for doing this. The functionality of the system falls into 3 areas, i.e., Clarification, Information Capture and Collection, and Evaluation (see figure 2 ).
Take in Figure 2
The Market Driven Design System provides Clarification for designers as follows. The inexact market information shown in figure 2 is commonly expressed in imprecise everyday language, and is normally expressed in descriptive, qualitative terms. Analysis and performance measurements are simplified if customer requirements are expressed in precise, quantitative terms wherever possible. Traditionally design engineers use their experience and intuition to translate imprecise customer requirements into a clearly defined design specification, but this is a less than ideal approach, as it leads to imperfect designs, which satisfy a design engineer's interpretation of customer requirements, rather than satisfying the genuine customer requirements. The Market Driven Design System uses an approach based on Fuzzy Logic to translate imprecise market information into clearly defined, quantitative terms. Initially the customer requirements are collected into groups of apparently similar needs; accurate groupings cannot be achieved until the meaning of imprecise customer requirement information has been clearly established. Product design characteristics (or features) which satisfy the customer requirements then need to be established, so that target values for these features can be identified. Traditionally, the task of setting the design targets relies primarily on the professional experience and intuition of designers and engineers. In contrast, this research interprets the customer requirements, through a series of techniques and methodologies, and thereby enables the design targets to be determined swiftly, quantitatively and consistently. The way in which this is tackled is described in detail in section 4, using hi-fi equipment as an example product.
The Market Driven Design System supports Information Capture and Collection by prompting users to indicate their requirements, likes and dislikes, for a given product, structuring the information for easy retrieval, and storing it within an object-oriented database system. Research has been carried out into ways of identifying customer needs and sorting them into a structured format [7, 8] , this knowledge of customer requirements can then be incorporated into the product design information and translated into a design specification. Commonly, these approaches try to identify similarities between needs, so that the needs can be collected into groups, and/or split into different levels, a primary level for the most general needs and secondary and tertiary levels for more detailed description of the needs. Alternatively, needs may be grouped according to their impact, or importance, from the customer's perspective. Kano et al, [9] suggest that there are four groups of requirements, i.e. expected requirements, high-impact requirements, low-impact requirements and hidden
requirements. The precise, prioritised customer requirements provide important information throughout the design process, and are therefore kept as part of the product model, so the information can be shared between design team members.
Once the customer requirements are determined, the product design can begin, and design characteristics (or features) which satisfy the customer requirements need to be established.
A measure of how well individual characteristics satisfy particular requirements is also valuable, and should be stored as part of the product design information within the product model. Further essential specification information includes target values for the design characteristics, and these also need to be determined and added to the product model. The novel approach used in these evaluations is demonstrated, in section 4, using the hi-fi equipment example. Information relating to competitor products, and how well they satisfy (or fail to satisfy) customer requirements is also valuable. A detailed description of how all this market information may be structured within the product model database is given in section 5.
The final area of functionality of the Market Driven Design System, is the support it provides to the design team for Evaluation of the design, in terms of how well the designed product provides customer satisfaction, and how the product could be improved to increase customer satisfaction. This is done by helping the design team to analyse and use the market information throughout the design process. The techniques adopted for presenting and analysing the quality of the product are based on Quality Function Deployment (QFD). This technique is described in section 3. Additionally, the Market Driven Design System provides support to focus valuable resources on aspects of the design where improvements will do most to raise customer satisfaction. Knowledge based algorithms are included to support the analysis and evaluation activities and this is described in section 6.
Quality Function Deployment
The Market Driven Design System is designed to interact with design team members at various stages of the product life cycle, and present them with market information in a manner which clearly shows details of customer requirements, and how these are satisfied by characteristics of the product. It is also helpful if the team has knowledge of competitor products, and their strengths and weaknesses. QFD has been chosen as the medium for communication between the Market Driven Design System and human designers.
QFD is a well established, comprehensive quality system, which targets satisfaction of customer needs as a means of improving product quality [10, 11, 12] . The technique identifies customer needs and translates these into technical requirements. It has been widely adopted in various business sectors [13, 7] , and when used enables problems and discrepancies in the product development and design process to be brought to the surface earlier [14] . Clausing [15] identified its great potential for use within concurrent engineering environments, since the technique enriches intercommunication between team members of different departments, identifies customers' needs and translates those needs into technical requirements. However, QFD is not always easy to implement, and companies have faced problems using QFD, particularly in large, complex systems [11] . Better use can be made of QFD through the use of intelligent software tools [16, 17] , and the Market Driven Design
System provides the required intelligent support. There are several different approaches to QFD, but the research reported here concentrates on the first phase of the Four Phase approach [18] .
The first phase of the QFD methodology, production planning, provides the foundation for the remaining phases of QFD implementation. The customers' needs are listed, and then transformed into product features and functions, or design requirements. The tool associated with this first phase is called the House of Quality (HoQ) [10] or the quality table. The term
HoQ is commonly used since the shape of the graphics resembles a shape of a house segmented into eight different compartments. This is depicted in figure 3 , which shows marketing information required to populate the HoQ, and subsequently captured within a product model.
Take in figure 3
The Market Driven Design System guides the user to gather and generate the information content for the HoQ, and then, through the product model, links this to other aspects of product design information.
Clarification of Customer Requirements for Product Specifications
Section 1 of the HoQ, shown in figure 3, lists the customer needs. The challenge of translating, inexact, natural language statements of customer requirements into precise, accurate specifications with target values (section 8 of the HoQ), which satisfy genuine customer needs, is met by using an approach based on Fuzzy Set theory [19, 20] . The constructs of this fuzzy model for customer requirements interpretation are discussed below and are illustrated by using mid-range hi-fi equipment as an example product. Customer requirements can vary significantly in different customer categories, where categories may be based on different age groups or interest groups, etc. The customers considered in the hi-fi equipment example were aged between 20 and 30, as it is considered that this age group represents a large customer population for middle price range hi-fi equipment, and their requirements from the equipment are quite general and well understood within this customer population.
The Fuzzy Spaces of Customer and Product Attributes
An initial set of customer requirements was identified through interviews, and from magazines. These findings were categorised using an Affinity Diagram, [21] and a series of customer surveys were then conducted to gather detailed information on the set of customer requirements (see Table 1 ), to enable the entries for section 1 of the HOQ to be identified.
So, for example, under a category Good Sound Quality and Features, several entries were identified, including, (1) Strong Bass, (2) Reality, low loss and noise, (3) Natural Sounds, (4) Output Power, etc. An Analytic Hierarchy Process (AHP) [22, 23] was then carried out, to identify the relative weights of importance of the identified customer requirements. AHP has been successfully applied to help set priorities in a wide variety of problem areas, including marketing strategies [24, 25] and total quality management [26] .
An initial set of product characteristics (design features) for section 3 of the HoQ was identified through reviewing best-selling trade magazines, and from discussions with designers from hi-fi manufacturing companies. The characteristics were considered at two correlation matrices were completed with support from the designers and engineers. The relative weights of importance of individual characteristics were determined using an AHP exercise with support from the designers and engineers. The design target for each product characteristic are critical factors to the ultimate success of the design, as they provide the specification which determines how well the identified customer requirements are satisfied by the product. Traditionally, the target values are set by design engineers, based on their knowledge and experience of the product type. In this research, an approximate reasoning approach, using fuzzy inference has been adopted to derive these design target values.
The approximate reasoning approach uses knowledge from a fuzzy rule base which contains heuristics and design knowledge about the relationships between customer requirements and product characteristics. Hence, the customer requirements which have been identified for section 1 of the HoQ and the product characteristics which have been identified for section 3 of the HoQ, need to be considered in terms of fuzzy vectors and sets.
The set of model variables representing the customer requirements (attributes) for a given product can be denoted by an N-dimensional fuzzy vector X, such that
in the fuzzy space of V, Unit of a bass loud speaker unit can be defined in the crisp set P i (i=1,2,...,M) which covers the corresponding universe of discourse, say from 100 mm to 300 mm. For example, the Diameter of the Bass Unit might be represented by 6 evenly spaced, discrete domain points, (100, 140, 180, 220, 260, 300).
The Fuzzy Inference Process Take in Figure 4
The fuzzy inference process covers the activities of fuzzification, rule evaluation, aggregation and defuzzification as illustrated in Figure 4 , and this results in crisp target values for the product characteristics. The following example explains how this is achieved.
When a set of customer requirements have been identified for a product, the attributes are first fuzzified according to the term sets (sets of linguistic variables) of the relevant model variables and modified by the fuzzy set hedges as appropriate in order to fully elaborate on the customer attributes. This is demonstrated below.
A general linguistic variable (fuzzy set) x i for customer attribute X i defined on the universe of discourse V i in the space of V can be denoted by a membership function, A i , such that
where A Condition Matrix C i for the above rule R i can be produced by combining the appropriate fuzzy sets for the 3 product requirements listed in the "If" statement. This condition matrix can also be transformed into a Conditions Vector, C i and when this is combined with the appropriate fuzzy set for the product characteristic Y j given in the "then" part of the rule, a
Rule Matrix Q, is produced. If there are several rules relating to a particular product characteristic in the fuzzy rule-base, these matrices can be combined into a Consolidated Rule Matrix. The matrices produced in this way are large, and it is not considered appropriate to include them here. Full details of their construction are provided in [27] .
Applying the Fuzzy Customer Requirement Inference System
Once the knowledge base for a product has been established, the system is ready to process specific customer requirements. To start with, the specific requirements are represented by . This is the same approach to fuzzification that was shown in section 4.2, but this time it is carried out on specific requirements. So, using the hi-fi example to demonstrate this process, the results of our customer surveys may have identified the following specific requirements in the category of
Good Sound Quality and Features,
 Bass should be "fairly strong"
 Output Power should be "extremely high" and  Reality should be "above average acceptable"
New fuzzy sets may need to be created from the existing ones, for example here we have a requirement for "extremely high" output power, whereas our original "nearest" fuzzy set was for "high" output power.
The software then evaluates the fuzzy rule-base against the input customer requirements, and draws some sub-conclusions. Sub-conclusions drawn from rule evaluation are then aggregated into one or more complete conclusions in the relevant output fuzzy regions. As a result, an output membership vector, B' j is obtained by evaluating the fuzzy rule-base between customer requirements and product attributes. The grade of certainty at each domain point p jl will be a real number from the interval [0, 1]. The approach used is based on Max-Min Compositional Operation [28] , and full details are given in [27] .
The design targets for each product characteristic can be established by defuzzifying the output membership vector B' j ., i.e. by combining the resulting grades of certainty with the original discrete domain points representing the particular product characteristic. The centroid method for defuzzification was used in this research on a detailed version of the hi-fi example, and a minimum diameter of 224.3 was predicted for the bass loudspeaker unit. The use of fuzzy inference on the attribute knowledge base to determine the target value for design features is a novel concept.
Capture and Collection of Market Information within a Product Model
A major strength of the Market Driven Design System is that the market information and its relationships to the product design, is captured throughout the product life cycle, and the resulting information can be freely shared between design team members. This has been achieved as the analysed market information has been modelled as part of a product model.
Use of product models is increasingly common in both industry and research [29, 30] . A product model is a representation of a product in a computer, and can contain all the information relating to the product from concept through to disposal, including specification information [31] . In this research, the product model is enhanced by the addition of market information and specification detail in the form of the design targets identified using fuzzy inference.
Take in figure 5
The information has been modelled by examining the main elements of a product, its HoQ, and by defining the key elements as objects. The information content, or state of the objects, their behaviour and inter actions, have been determined by considering the relationships between information within the HoQ and its relationship to other product design information, which is commonly captured within product models. A class structure has been designed, based on this study, using object oriented methods [32] . The product model structure used in this research is shown using the Unified Modeling Language (UML), in figure 5 . Links between the QFD relevant information and the remainder of the product information, through the class Product, are now described in detail.
The first segment of the HoQ in figure 3 represents the Voice of the Customer, or the Customer Needs. There are two types of customer needs that should be stored in the product model, the original customer statements of needs (Customer_Requirements), and the product attributes that are displayed through the QFD interface. Each Customer_Requirement object can be linked to one or more Need object, which holds information for section 1 of the HoQ. This would be linked to several Needs objects, including one detailing the requirement for Bass (described as "fairly strong"), one detailing the requirement for Output Power (described as "extremely high") and one detailing the requirement for Reality (described as "above average acceptable").
The HoQ also contains information relating to Engineering Characteristics; this is shown in section 3 of the HoQ in figure3. The information required by this part of the matrix is part of the specification for the product. Specifications have to contain requirements, which can be measured, so that it is possible to judge whether a design satisfies the specifications, (i.e. the design targets for the product characteristics). Specification information is often documented as checklists, which are grouped into different categories, [33, 34] . The general categorisation can then be given further detail by sub-dividing the groups into sub-groups, for example the aesthetic properties of a product could be specified in more detail as form, colour, decoration or surface texture.
The product characteristics have been structured using two classes of objects, Aspect which describes the main characteristics of the design and Specification which describes the more detailed characteristics for any particular Aspect. Figure 5 shows that a Product has many Aspects, each of which is detailed by one or more Specifications. The state of objects of the Specification class includes a description and a quantity or quality, i.e. a value, either numerical or descriptive, which can be measured for the characteristic. The current achievable value of a particular product characteristic may well be different to the ideal, or target value. Therefore a further important set of data relates to difficulty ratings, which provide a measure of how difficult it would be to change the value of the characteristics, The fourth segment of the HoQ in figure 3 is the Correlation Matrix, which captures the relationships between different product characteristics. Since the characteristics are stored within objects of the classes Aspect and Specification, there are two classes that capture the correlation information, i.e. Aspect_corr and Spec_correlation. Generally if one design characteristic is changed it will have an effect on some other characteristics, and the extent of the effect is normally recorded at one of the following five levels, strong positive, positive, none, negative or strong negative. This is an important part of the HoQ as it enables users to take account of engineering trade-offs. For example, a product feature may appear to be irrelevant to achieving customer satisfaction when the values in its column of the relationship matrix are considered, but changing its design may produce an adverse effect on other highly relevant product features.
Customer needs are only part of the important market information which should be considered during product design. Knowledge of competitors' products, and how well they succeed in satisfying the customer's needs, from the customer's perspective, is also very valuable, as it enables competitive benchmarking, shown in the fifth segment of the HoQ, and the associated technical competitive benchmarks, given in segment 7. Classes used to capture this information all have the prefix 'Competitor' in their names in figure 5 . In this research, the company designing the product under consideration is considered to be one of the competitors, so the customer's perception of how well this product satisfies their needs can be captured alongside similar information for competitor products.
Evaluation of Market Information to Prioritise Design Effort
The Market Driven Design System is designed to provide various types of support to designers aiming to produce attractive products which the customer really wants. This support is provided by an extendable group of integrated, knowledge-based experts that are available in the system. The system provides designers with useful, consistent, reasoned analysis of QFD information, which is valuable, since there are very few software tools which provide such support [35] . More importantly, the information described in the previous sections is freely available to any member of the design team who has access to the product model, and can therefore be accessed by many different applications, as shown in figure 1 . This raises awareness of market needs and competitor products, across the design and manufacturing functions. Understanding market information is critical to producing products, which the customer wants.
Knowledge based experts, such as the Fuzzy Inference System described in section 4, are part of the Market Driven Design System. Additional expertise can be added to the system using a technique whereby knowledge is stored as objects. The approach used is based on a knowledge representation model (KRM) which enables the expert's knowledge to be captured within an object oriented database [36] . Several software experts have been designed and implemented using this approach, including a system which guides the user through the collection and creation of information needed for the HoQ. There is also a knowledge based expert that can analyse the information to determine which design characteristics should be given priority for design effort. This is important since targeting design effort onto particular aspects of the design can make best use of valuable resources, and simultaneously do most to increase customer satisfaction. The adopted method of performing this analysis is described below, but this is provided as an example of the types of analysis which expert applications within the Market Driven Design System can perform. It is not necessarily recommended as the best algorithm. The analysis can be performed in many different ways, and as the expert is a knowledge-based system, changing the way it performs the analysis is simply achieved by changing the content of its knowledge base. Using the KRM approach, this is achieved by simply changing or adding objects within the database.
The analysis builds up a matrix of priority indices, in which the rows correspond to individual customer needs and the columns correspond to particular product characteristics.
The analysis is performed as follows: -1. The competitive benchmark figures for each Need are considered in turn, i.e. the rows of the HoQ are considered one at a time. If the figure for own product is greater than those for the competitor products, it is assumed that no changes to how that particular customer's need is satisfied, are necessary. Hence the entries for each specification in that row of the matrix is given a value zero.
2. The values of each Specification are considered in turn, i.e. the columns of the HoQ are considered one at a time. If the specification value for own product is better than the specification values for the competitors product, it is assumed that no changes are needed to that design characteristic, so the entries for each need in that column of the matrix is given a value zero.
3. The other values in the matrix are calculated, using the equation Further details of the concept and implementation of the KRM may be found in [36] and of its application in the area of design for quality in [16] .
Conclusions
The challenges of effectively modelling, using and sharing valuable, yet imprecise, nontechnical market information have been addressed through the specification of a comprehensive design support system, called the Market Driven Design System. This intelligent support environment clarifies the design task by using fuzzy inference to translate poorly expressed requirements into clearly quantifiable needs, enabling target values for product characteristics to be determined. The design system enables an extended, multidiscipline design team to make better use of market information. The customer requirements information, design specifications, the related product characteristics and design analysis (using QFD and other techniques) is collected and captured within database systems, so it can be easily shared, updated and reanalysed whenever required throughout the design process.
Evaluation of the market information, and associated design features is supported by a set of knowledge based tools available within the support environment. Knowledge can easily be added or modified within the support environment.
The individual elements of the Market Driven Design System have all been implemented and tested, using object oriented database systems and C++ programming language and reports of these implementations can be found in [27] , [36] and [16] . Currently, work is being done to implement a comprehensive, integrated version of the system, on a personal computer platform, using Objectstore, object-oriented database system, and Visual C++. Further work is also being carried out into the required functionality of further knowledge-based experts to support evaluation of the design in terms of customer satisfaction. 
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